Abnormalities of intrapulmonary distribution and mixing of inspired gases occur in diseases of the lungs, particularly in pulmonary emphysema. Interest in this problem began in 1864, and has been pursued with many different methods (1). However, uncertainty and even confusion still exists not only in the definition but also in the quantitative measurement of intrapulmonary distribution and mixing. One means of investigating the problem is the measurement of nitrogen displacement from the lung as it occurs during oxygen breathing, reported by Cournand and his associates (2-4). As an index of impaired distribution and mixing of the inspired gas with alveolar gas, they proposed an end-expired nitrogen concentration exceeding 2.5 per cent, delivered by a forced expiration at the end of a seven minute period of quiet oxygen-breathing (3). With such a technique only two points in the course of the nitrogen dilution were known-the initial alveolar nitrogen concentration while breathing air, and the final nitrogen concentration produced by the terminal forced expiration. Subsequently, a mathematical expression was presented (4) for ideal intrapulmonary mixing of oxygen and nitrogen, enabling predictions of the intrapulmonary nitrogen concentration at the end of any given number of breaths of oxygen. Divergence was found even in normal persons between the actual course of nitrogen dilution and the predicted course.
Abnormalities of intrapulmonary distribution and mixing of inspired gases occur in diseases of the lungs, particularly in pulmonary emphysema. Interest in this problem began in 1864, and has been pursued with many different methods (1) . However, uncertainty and even confusion still exists not only in the definition but also in the quantitative measurement of intrapulmonary distribution and mixing. One means of investigating the problem is the measurement of nitrogen displacement from the lung as it occurs during oxygen breathing, reported by Cournand and his associates (2) (3) (4) . As an index of impaired distribution and mixing of the inspired gas with alveolar gas, they proposed an end-expired nitrogen concentration exceeding 2.5 per cent, delivered by a forced expiration at the end of a seven minute period of quiet oxygen-breathing (3) . With such a technique only two points in the course of the nitrogen dilution were known-the initial alveolar nitrogen concentration while breathing air, and the final nitrogen concentration produced by the terminal forced expiration. Subsequently, a mathematical expression was presented (4) for ideal intrapulmonary mixing of oxygen and nitrogen, enabling predictions of the intrapulmonary nitrogen concentration at the end of any given number of breaths of oxygen. Divergence was found even in normal persons between the actual course of nitrogen dilution and the predicted course.
With the help of continuous rapid automatic gas analyzers such as the nitrogen meter (5) and the mass spectrometer (6) , later investigators could follow the breath-by-breath dilution of nitrogen during the breathing of oxygen. After graphical analysis of the displacement curves they proposed interesting concepts of well-ventilated and poorly-ventilated lung compartments, and of rates of gas mixing in these spaces (6) (7) (8) . Simpler criteria were proposed by others (9-13), in particular "turnover indices" which related functional residual capacity to the total ventilation required to dilute the intrapulmonary nitrogen to a given endpoint (10, 12, 13) .
Previous workers have studied relatively few normal human subjects. The purposes of the present paper are to present data on the quantitative aspects of nitrogen displacement from the lungs of fifty normal persons, as a basis of comparison for the findings in patients with pulmonary disease, and to suggest certain clinically valuable criteria for the evaluation of intrapulmonary gas mixing. From this investigation normal nitrogen clearance characteristics have been determined, and the physiological factors which influence clearance have been evaluated.
MATERIAL AND METHODS
Fifty medical students free from pulmonary disease were selected for study, on the basis of a health questionnaire and review of Student Health Service records, which included recent chest radiographs and physical examinations.
The open-circuit method of Cournand, Baldwin, Darling, and Richards (3) for measurement of functional residual capacity was modified to include continuous monitoring of the expired nitrogen by a nitrogen meter with a recording milliammeter.2 The combined accuracy of our nitrogen meter and recording system varied from + 0.1 per cent to -0.2 per cent (mean, -0.05 per cent in 51 trials) in the range of 0 to 20 per cent nitrogen, and amounted to ± 0.5 per cent in the 20 per cent to 80 per cent nitrogen range, as determined by comparison with manometric gas analysis (14) . Minimum readability in the 0 to 20 per cent range was 0.1 per cent nitrogen; in the 20 per cent to 80 per cent range it was 0.5 per cent nitrogen. The nitrogen meter was calibrated before and after each run with a series of known mixtures of nitrogen and oxygen, bubbled through water.
The subjects, in a nonbasal state, rested for 10 to 15 minutes before being tested. All tests were made in the supine position. Air was breathed by mouthpiece through a four-way respiratory valve, two arms of which were connected to a balloon-in-bottle system containing air, one arm to a Douglas bag containing oxygen, and one arm to a 120 liter Tissot spirometer. A spirometer record of the tidal volume changes in the balloon was obtained during air-breathing. When it was apparent that breathing was even and that the expiratory base line was steady, the subject was switched from air to cylinder oxygen exactly at the end of a normal expiration. With this arrangement, a switch made too soon or too late could be corrected in the calculation of functional residual capacity. For the next seven minutes the subject inspired oxygen from the Douglas bag and expired into the Tissot spirometer. The volume of each expiration was recorded on the Tissot kymograph, which was started simultaneously with the nitrogen meter recorder at the instant oxygen-breathing began. The nitrogen meter sampled continuously from a point just distal to an expiratory flap valve near the mouthpiece. Thus, a breath-by-breath analysis of the end-expired nitrogen concentration and expiratory volume was made. At the end of the seventh minute a forced expiration was made and a sample of gas was drawn into a syringe from a point adjacent to the nitrogen meter sampling connection, following which the subject was switched back to air-breathing. The final concentrations of nitrogen and carbon dioxide in the Tissot spirometer were measured by manometric (14) and volumetric (15) (18) . From the record of the nitrogen meter and from the spirometer kymograph record of collected expired gas, a graph was prepared plotting the logarithm of 100 (FAN2-FIN2), which is the difference between end-expired nitrogen and inspired nitrogen (usu- ally 0.5 per cent to 0.6 per cent in the cylinder oxygen), expressed as per cent, on the ordinate against total expired volume (VE) or against total alveolar volume (VA) on the abscissa. The points on the graph represent nitrogen-volume values for frequently selected breaths during the entire period of oxygen-breathing. This type of graph, the so-called washout curve, is shown in Figure 1 .
RESULTS
The physical characteristics of the subjects are given in Table I . Also tabulated are the relevant features of their respiration which might affect the rate of nitrogen displacement. The subjects have been divided into three groups. Group I is composed of 33 men whose resting expiratory base line before the change from air-breathing to oxygen-breathing was constant enough to permit confidence in the computed FRC. the initial or steep part of the nitrogen washout correlation was found between FRC and various curve, where size of FRC exerts its greatest in-parameters of body size, including the cube of the fluence (vide infra). However, their washout be-height as suggested by Bateman (23) . havior in the latter part of the seven minute pe-
The ratio VA/VE, which relates total ventilation riod is regarded as satisfactory for inclusion with to alveolar ventilation, depends on FACO2 in a sinthe other subjects because, despite variation of the gle forced expiration and has the inherent errors initial FRC, intrapulmonary mixing should be of dead space determination (24) , yet offers the complete, or almost so, at the end of seven minutes advantages of utility. The mean values in Groups in these normal young individuals. Review of the I, II, and III are 0.66, 0.70, and 0.62, respectively, data showed this assumption to be correct. The and are close to the generally accepted normal data for five females are listed separately in (Table II) . In agree-Previous workers (6, 7) have attempted, by plotment with these investigators (19) (20) (21) (22) , no close ting log FEN2 against time or number of breaths Figure 6 .
The final characteristic of these normal washout curves is the small change in nitrogen concentration produced by a maximal forced expiration at the conclusion of seven minutes of quiet breathing of oxygen. The mean end-expired nitrogen concentration in the terminal forced expiration reached by 49 (Figure 7) . The greatest increases produced by the forced expirations were, respectively, 0.23 per cent in each of two women, and 0.35 per cent in one man. No adequate explanation for these three aberrant values could be found on review either of the experimental data or of the health records and chest radiographs of these students. DISCUSSION It is obvious that the initial or rapidly declining part of the nitrogen displacement curve depicts a well-ventilated space or series of spaces. The later, slowly falling, portions of the curve represent probably a combination of nitrogen displacement from poorly-ventilated alveolar regions and the diffusion of nitrogen from the tissues via the pulmonary circulation into the alveolar gas where the nitrogen tension is lower. How much each of these factors enter into the situation is unknown. The small terminal rise in nitrogen produced by forced expiration would indicate that complete intrapulmonary mixing of oxygen and nitrogen may not occur even after seven minutes in normal persons. This finding confirms the conclusions of Fowler, Cornish, and Kety (7, 26) .
Calculation of the ventilation in terms of alveolar ventilation involves assumptions not only of constancy of tidal volumes, dead space, and FRC, but also of the validity of a single, forced expiration sample as a true representation of alveolar carbon dioxide. It will be noted in Table II (27) . The magnitude of this rise in normal subjects has not been given much attention by previous investigators in connection with prolonged nitrogen washout periods, although Fowler has studied this point by the single-breath nitrogen dilution technique (26 2. In a group of fifty normal recumbent young adults the course of the nitrogen dilution was followed for seven minutes, and terminated by a forced expiration.
3. Values are given for clearance ventilation to 1 per cent end-expired nitrogen (minus inspired nitrogen), expressed both for total ventilation and alveolar ventilation. These values were found to depend largely upon the size of the functional residual capacity. Clearance equivalent ratios are given which allow comparisons among individuals with different functional residual capacities. 4 . The characteristics of the latter half of the washout curves, after the 1 per cent level of nitrogen has been passed, have been investigated with particular emphasis on the usefulness of the final forced expiration.
5. The procedure is a practical method for detecting the presence of uneven alveolar ventilation.
